Whereas public goods benefit all, individuals benefit more if others contribute rather than they themselves, a temptation that undermines the public good. Current solutions to this dilemma apply to relatively stable groups wherein members are socially related to, and have information about, others. How a group can cooperate the first time without invoking exogenous factors is yet unsolved. Field studies showed that by means of (endogenous) interaction rituals, which require physical co-presence and involve rhythmic entrainment, people can establish (or re-enforce) social relations and increase their solidarity. Kuramoto's model is used here to show that the network of relations thereby formed should have sufficient algebraic connectivity-a measure of social cohesion-to compensate for the differences between individuals' commitments. At a critical level of solidarity, a majority's psychological states and commitments, respectively, synchronize in a phase transition, which yields a boost of motivation for a burst of collective action.
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A remarkable feature of humans is that they can act collectively-and effectively at that-while individuals are tempted to defect and exploit the results of others' efforts [1] . In a number of cases, for examples defending settlements, mass protests and revolts against dictatorial regimes, an opposing group is involved that increases uncertainty: on top of the dilemma of collective action, contributing may then be retaliated by the opponent, participants may be paralysed by fear [2] , costs can be unexpectedly high, and benefits may differ from those expected or arrive later, if at all. Yet history shows that even under adverse conditions, people often cooperate [3] .
Weather individuals inaccurately guess costs and benefits under uncertainty, or know them well in lab experiments, their decisions to contribute are always influenced by what they know about other group members. Most people are conditional cooperators willing to contribute if enough others contribute [4] , but how can they know this in advance? It's crucial for them to be socially related, which in general can be a high chance of future encounters, kinship, proximity, network ties, shared foci, or a combination thereof [1, 5] . Relations provide access to reputations [6, 7, 8] , which summarize others' cooperativeness [9] , but seen more broadly also encompass commitments to various public goods and inclinations to punish free riders. Relations and reputations are not sufficient for cooperation, yet they are necessary to maintain cooperation in relatively stable groups, as are cooperative norms [10] . At the beginning of a group, however, when relations are sparse or non-existent and reputations not yet known, people' challenge is to get cooperation off the ground. If they have no additional resources at their disposal, for example selective incentives [11] ("carrots and sticks"), they have to establish social relations first and, in the absence of reputations, develop a shared intentionality [12] with respect to the collective good: the same level of commitment to it, the same thoughts and emotions about their endeavour, and an awareness of this sharedness. Here we focus on the question how people can achieve this, also under uncertainties and for public goods with high costs.
Result
To start out, (new) members of a (becoming) group with a shared focus can perform certain interaction rituals [13, 14] , a subset of all rituals exercised by humans. Examples are dance and religious ceremonies before a hunt or fight [14, 15] ; marching and noise making at street demonstrations before physical confrontation with the incumbent power [16] ; drill to prepare for combat [15] ; and, team building activities in organizations to enhance workplace performance [17] . These preparatory actions come at relatively low cost compared to contributions to the pertaining public good later on. Many rituals involve rhythmic entrainment, which generates feedback that rein-forces perceptions of similarity [18] . Entrainment can be synchronous, evenly paced, anti-phase, or sequential. In experiments comparing treatments with asynchronous to synchronous movements, contributions to public goods were significantly higher in the latter [18, 19, 20] .
Interaction rituals increase solidarity [13, 14, 21] , also called identification [22, 23] or loyalty [24, 25] , which means the bonding strength of individuals to a group. Moral justification, religion or sacred values [19, 26] can enhance emotional intensity that further increases solidarity [13, 15] . The higher the uncertainties, the stronger group-directed emotions should be aroused. A competitive group [27] or enemy [2, 28] can give an extra push. Rare but emotionally intense rituals, e.g. initiation in the French Foreign Legion, have a stronger effect on solidarity than frequently occurring low arousal rituals such as prayers [29, 30] . When expected costs are relatively low or group members share earlier experiences of cooperation [31] , a mellow ritual will do, or is not even necessary.
At the start of an interaction ritual, N participants will usually have different commitments to the public good in question, modelled as a symmetric single peaked distribution g(ω) mean-centred at 0, for example a Gaussian. During the ritual, these commitments may increase along with solidarity, sometimes under committed leadership [32] , but high average commitments do not predict cooperation [33] . Lowly committed may be tempted to free ride on the highly committed, who in turn may distrust the former and withdraw. Cooperation is higher among equally committed, as was shown experimentally [34] . Synchronizing commitments would thus solve part of the start up problem.
For participants to learn about each other's commitments, as well as to sense each others' body language and emotions, they should interact in physical co-presence [13, 35] , a key feature of interaction rituals. This makes possible for commitments to become (local) common knowledge [36] . These interactions are modelled as symmetric ties a ij = a ji = 1 (and absent ties a ij = 0) among participants indexed i and j, later generalized to a ij ≥ 0. Participants have fluctuating thoughts and emotions about their undertaking, modelled as psychological states θ i (t). The change of i's state is affected by i's commitment ω i and, through empathy [37] , by the psychological states of i's social contacts [38] . The effect size of the latter is determined by their difference, θ j (t)−θ i (t), multiplied by solidarity; at higher solidarity, the influence of other group members is stronger. For notational clarity, time indices are now dropped.
To analyse the effect of interaction rituals, Kuramoto's well-studied model [39, 40, 41] is used. It has already solved numerous problems in physics, biology, engineering, complex networks and computer science [42, 43, 44] , thereby establishing cross-disciplinary parsimony. By definition, the smaller a stable difference between θ j and θ i , the higher their degree of synchronization [45] , which in our case can be made visible by hyperscanning [46] . In Kuramoto's original model, ω is a frequency and θ a phase. Obviously, people are no oscillators, but we can get tractability through these simplifications. The reading of coupling strength K as solidarity is straightforward. When writingθ i as a shorthand for dθ i (t)/dt,
The degree to which all group members are synchronized is indicated by an order parameter 0 ≤ r ≤ 1 (to be precise, a complex parameter r(t)e iφ(t) where φ is the average phase [41] ). Analytic solutions were derived for complete graphs, wherein every node is connected to every other node and N is very large. When solidarity increases, nothing happens initially and psychological states remain incoherent (r = 0). At a critical threshold K c , however, there is a sudden transition toward stable, although not perfect (r < 1), synchronization of a large majority, and Eq.1 implies that commitments synchronize in the same moment. This two-fold phase transition becomes "explosive" when taking into account that solidarity varies across individuals and is correlated with commitments, and K i = K|ω i | is substituted for K in Eq.(1) [47] .
A phase transition toward synchronization has also been found for many sparse graphs with finite N [42] . Social networks, except for very small groups, are sparse, clustered into subgroups, have skewed degree distributions (numbers of social contacts), and short network distances [5, 48, 49] . Solidarity is limited by the nervous system, and can't reach arbitrarily high values. For a social network to synchronize at feasible solidarity, its connectivity has to compensate for the differences between individuals' commitments, else r jitters and synchronization is not achieved [45, 43] . Stability of r is studied by means of the Laplacian matrix of the graph [50] . If in its spectrum, 0 = λ 1 ≤ λ 2 ≤ · · · ≤ λ N , there are m (near) zero eigenvalues, they indicate the presence of m (almost) disconnected graph components that won't synchronize with each other. It turns out that increasing K ra network's algebraic connectivity [51]-λ 2 -yields synchronization at lower solidarity [42, 43] . Density, average distance [42] and degree distribution [52] do not predict this in general.
To illustrate, Fig.1 compares a "wheel" (λ 2 = 2) to a "bow tie" (λ 2 = 1) topology, which are equal in size (7), density (0.57), average distance (1.43), degree distribution, degree centralization (0.6), and coreness [53] (both are 3-cores). For each draw of initial values (from a uniform distribution between −π and π) and commitments (from a Gaussian with σ = 2), the wheel synchronizes at a lower K c than the bow tie. Notice that in small graphs, such as these, very small differences between these values have a large impact on K c .
Algebraic connectivity can increase by increasing tie strengths, but people have limited capability to do so, at the expense of other ties [54] . This social homeostasis [55] also constrains the number of ties that individuals can maintain. In Fig.1 , bow tie's connectivity would double by a two-fold increase of all tie strengths, whereas relaying two ties to create a wheel has the same effect. Topological modifications with a given number of ties are clearly more efficient. Alternatively, connectivity can increase by increasing group size, but as large groups inevitably cluster into subgroups [49] , there is a-yet unknown-maximum connectivity. Well-connected subgroups s synchronize at K s < K c [56] , and if there is assortment, or homophily [57] , of commitments such that their variation ||ω s || is relatively small, synchronization happens at lower solidarity, net of connectivity [45, 43] . Remainder group members may then be an audience that supports those subgroups [2] .
In sum, if participant's interaction ritual is in full swing and their algebraic connectivity is sufficient, the model predicts that their psychological states and commitments, respectively, fuse into one. The simultaneity of synchronization will yield a stronger boost of motivation, experienced as "collective effervescence" [14] , than if it were sequential, and collective protests, for example, are bursty indeed [3] . It then might look as if their action is set off by a spark [58] -a minor event such as a police arrest of few protesters. The model explains spark's effect in terms of a small increase of solidarity in a near-critical group, due to an emotional reaction that would not entail collective action well below the critical threshold. Moreover, the model's result is consistent with empirical studies showing that individuals' identities can collapse into one group identity [33, 31] . Finally, it solves the start up problem of critical mass theory [59, 60, 61] , which has it that a sufficient number of people must contribute first to win over the rest.
At some point during or after a (series of) collective action(s), participants or their resources will be exhausted and their solidarity will decrease [13] . If commitments are correlated with solidarity [47] or with degree [62] , there is hysteresis: the backward transition from synchrony to asynchrony happens at lower solidarity than the forward transition, and initial differences are recovered. After a successful collective action, when also a network with reputations and norms is established, future actions by the same group will be easier to mount, and can be often explained by familiar mechanisms of cooperation.
Discussion
Cooperation has a cold start problem, which can be solved by interaction rituals. Applying Kuramoto's model enhances our understanding, in particular on the network topology that is necessary for these rituals to work. Algebraic connectivity is a new measure in collective action research, and is important also for two other reasons. First, it's inversely proportional to the time to reach consensus, which was demonstrated in a graph colouring experiment [63] . Subjects had to choose the same colour as their network-neighbours, in highly clustered networks and in networks where the edges were randomly rewired, i.e. with higher algebraic connectivity [64] . Second, it's indicative for the social cohesion of a graph, to be precise, it provides a lower bound for a well-established measure, defined as the minimum number of independent paths (concatenation of ties) connecting arbitrary pairs of nodes [65, 66] , κ. This measure is motivated by the argument that a network should be robust against random node removal and against noise, when information is incorrectly transmitted or interpreted [67] . Remarkably, κ is equivalent to the minimum number of nodes that has to be removed to make the graph fall apart [66] . Only in very small networks, of say 7 members of a team, everyone can be connected directly to everyone else (in this example, κ = 6 and λ 2 = 7). It was proven for all incomplete networks (missing at least one tie) that λ 2 ≤ κ [51, 68] . Algebraic connectivity thus not only indicates synchronization potential in a broad sense, but also a minimum level of cohesion. Low algebraic connectivity, in contrast, facilitates anti-coordination, e.g. choosing a different color for oneself than one's neighbours in a graph coloring game [63] , which is useful when group members want to differentiate themselves to exchange private goods instead of achieving public goods.
To study dynamic networks, the Kuramoto model has been generalized as follows [55] . Ties a ij (t) ≥ 0 strengthen between people who perceive each other as similar in terms of their θ's, which happens under the constraint of homeostasis. A tie that disappears is modeled as a fading tie, a ij (t) → 0. Starting out with a random network wherein solidarity increases from zero to a low value, subgroups emerge that are internally synchronous but mutually asynchronous. If solidarity continues to increase to K ≥ K c , those subgroups merge into one synchronized group [69] . When taking into account that solidarity varies across individuals, represented by a Gaussian distribution of K i , it takes longer for synchronous subgroups to emerge, and individuals with very low K i stay solitary, out of sync with everyone else [70] . These loners set apart, the overall pattern is qualitatively the same as with one K for all.
Kuramoto's model applied to interaction rituals yields clear-cut predictions about the topology of participants' network and the sudden onset of cooperation. These predictions can be tested in new experiments, and Fig.1 suggests two topologies to be compared. Algebraic connectivity might also be important for cooperation among members of other species. Orca's, for example, can collectively catch a seal that sits on a slab of floating ice by swimming synchronously to create a wave that washes it off [71] . They must exchange information in their network to pull this off.
Methods
The synchronization model is elaborated in refs [41, 42, 45, 47, 43] , and dynamic networks in refs [55, 69] .
